Abstract: Several previous imaging studies have aimed at identifying the neural basis of visual food cue processing in humans. However, there is little consistency of the functional magnetic resonance imaging (fMRI) results across studies. Here, we tested the hypothesis that this variability across studies might -at least in part -be caused by the different tasks employed. In particular, we assessed directly the influence of task set on brain responses to food stimuli with fMRI using two tasks (colour vs. edibility judgement, between-subjects design). When participants judged colour, the left insula, the left inferior parietal lobule, occipital areas, the left orbitofrontal cortex and other frontal areas expressed enhanced fMRI responses to food relative to non-food pictures. However, when judging edibility, enhanced fMRI responses to food pictures were observed in the superior and middle frontal gyrus and in medial frontal areas including the pregenual anterior cingulate cortex and ventromedial prefrontal cortex. This pattern of results indicates that task sets can significantly alter the neural underpinnings of food cue processing. We propose that judging low-level visual stimulus characteristics -such as colour -triggers stimulus-related representations in the visual and even in gustatory cortex (insula), whereas discriminating abstract stimulus categories activates higher order representations in both the anterior cingulate and prefrontal cortex. Hum Brain Mapp 38:2897-2912, 2017.
INTRODUCTION
Seeing delicious food makes the mouth water. This happens because food is a primary reward and the sight of food presumably acts as a conditioned stimulus that co-activates motivational [Dagher, 2012] and gustatory representations [Simmons et al., 2005] . Therefore, visual stimulation with food images has often been used to examine neural correlates of food-related processing [e.g., Huerta et al., 2014; van der Laan et al., 2011] .
Currently, there is evidence from several functional magnetic resonance imaging (fMRI) studies that the pattern of brain activity differs when viewing food pictures relative to non-food pictures. A meta-analysis [van der Laan et al., 2011] found overlapping activation patterns across studies in the left lateral orbitofrontal cortex (OFC), the bilateral fusiform gyrus and the left middle insula [for similar results from a second meta-analysis see also van Meer et al., 2015] . However, these analyses also revealed that the overlap of activated regions across studies is relatively small (44% or less). There are several possible factors which could account for this lack of consistency across studies. For instance, visual food processing is influenced by subject-specific factors like sex, age, hunger and BMI and by stimulus-related factors such as variation of calorie content [for effects of sex on food image processing, e.g., Cornier et al., 2010; Frank et al., 2010; Geliebter et al., 2013; Killgore and Yurgelun-Todd, 2010 ; for age, e.g., Killgore and Yurgelun-Todd, 2005b; van Meer et al., 2015;  for hunger/satiety status, e.g., Cornier et al., 2007; F€ uhrer et al., 2008; LaBar et al., 2001 ; for BMI, e.g., Brooks et al., 2013; Dimitropoulos et al., 2012; Killgore and Yurgelun-Todd, 2005a; Martin et al., 2010 ; and for calorie content, e.g., Frank et al., 2010; Killgore et al., 2003] . Another possible explanation for the diversity of results is the variety of tasks used during food picture processing.
While some food studies used passive viewing [e.g., Beaver et al., 2006; Schienle et al., 2009] , others used encoding for later recognition tests [e.g., Holsen et al., 2005; Killgore et al., 2003 ], pleasantness ratings [e.g., Santel et al., 2006] , or attentional tasks [e.g., F€ uhrer et al., 2008; Simmons et al., 2005] . More recently, some studies have started to disentangle task-independent from task-related food cue processing. For instance, Hare et al. [2011] reported differential neural correlates depending on whether the participants had to focus on different aspects of food pictures (healthiness, tastiness) before deciding about eating them. In another study by Yokum and Stice [2013] , fMRI responses differed for food-related processing as a function of task (imagined intake of food items, thinking about long-term consequences of eating/not eating the food, or suppressing craving). Similarly, Hollmann et al. [2012] reported differences in the haemodynamic responses depending on whether participants admitted to the desire for food or tried to downregulate it. Furthermore, other studies -focusing on the modulatory effects of body weight -found that task-related brain activations differ with respect to body weight [e.g., Frankort et al., 2012; Scharm€ uller et al., 2012; Tuulari et al., 2015] . All the above studies, however, did not report the crucial comparison of food with non-food items and thus cannot distinguish whether some of the observed differences might reflect general task-related activation irrespective of food processing or are truly selective to food-related items. Only one study [Siep et al., 2009] aimed at comparing food and non-food stimuli using a spatial attention paradigm. They instructed participants to judge the palatability of food, the colour of non-food (attended condition), or the orientation of bars depicted next to the pictures (unattended condition). However, their distinct task-related activation patterns might have been caused by having the stimulus inside or outside the focus of visuospatial attention. In addition, task switching in the attended condition versus no task switching in the unattended condition could have further obscured relevant effects as Siep et al. used two different criteria (palatability vs. colour) for food and non-food stimuli only in the attended condition, but only one single criterion (orientation) in the unattended condition.
Thus, it still remains unclear how task demands shape brain responses to food versus non-food stimuli when using an identical task for both stimulus categories. Moreover, the tasks employed in previous studies were often quite complex including taste imagination, reappraisal strategies, or appetite control. Such complex tasks can lead to different cognitive strategies across participants [e.g., Jimura et al., 2010] -further obfuscating the results.
In this study, we aimed at identifying the neural basis of food-related processing and the impact of the task regime using two simple tasks in a feature-attention experimental design with participants either judging colour (red or not red) or edibility (food or non-food), while controlling for other potential sources of variation like subject-related (sex, hunger state) and stimulus-related (identical stimulus material for both tasks) factors. The choice of tasks used here was inspired by studies on emotional processing, which compared implicit with explicit emotional processing (e.g., judging gender vs. emotional expression of faces) and found differential activations as a function of task [e.g., Critchley et al., 2000; Gorno-Tempini et al., 2001] . Here, we investigated how explicit versus implicit task demands change fMRI activity patterns when viewing food relative to non-food pictures. To rule out spill-over effects between explicit and implicit task sets, only colour judgements were used in one group (n 5 20), whereas edibility judgements were employed in the other group (n 5 20). Moreover, we specifically tested whether the tasks would lead to enhanced fMRI signals in the left OFC, the left middle insula and the bilateral fusiform gyrus for food relative to non-food pictures [van der Laan et al., 2011] and to what extent the task-specific requirements would modulate the pattern of brain activation.
EXPERIMENT 1

Materials and Methods
Participants
Twenty-five volunteers participated in the first experiment. The data of 5 of them had to be excluded. One participant did not meet an a priori defined inclusion criteria (not eating within 3 h before the experiment), one participant was responding prematurely in the behavioural part of the experiment (31 out of 72 pictures on average < 1 s per rating task), one participant had an anatomical abnormality, another with excessive head movements (exceeding 3 mm within one run), and one had to be excluded because of problems with data collection.
Thus, the data of 20 participants were analysed (11 male, 9 female; mean age 24.5 years, Mdn 5 24.0 years, SD 5 2.7 years; all right-handed). All participants had normal or corrected to normal vision and a normal Body Participants were asked not to consume food or caloric beverages within 3 h before the experiment [see Smeets et al., 2013 for a similar approach]. Moreover, their food preferences had to include all main food categories used in the experiment. The participants reported no neurological or psychiatric diseases and no eating disorders. They were non-smokers and not dieting at the time of this study.
All participants gave their written informed consent in accordance with the local ethics committee and were compensated for their participation.
Stimuli
Colour photographs of food and of non-food objects were used (total 72). The food pictures covered a variety of food categories (e.g., fruits, meat, sweets and cheese) with different calorie content (ranging from 1.47 to 7.25; 1 5 very few calories, 9 5 very many calories; based on pilot rating data, n 5 20). Each non-food picture (e.g., tools, toys, office and household objects) was similar to one food picture with regard to colour, orientation, shape and complexity (Fig. 1A) . To maximise similarity of food and nonfood items, the picture pairs were carefully adjusted in size, shape, colour, luminance and orientation using GNU Image Manipulation Program (Version: 2.6.11, http:// www.gimp.org). Importantly, great care was taken that the pictures did not lose their 'natural' appearance by the adjustment procedure. In a behavioural pilot study, each of 96 food/non-food pairs was rated for different aspects by 20 participants (see below for rating details). In the present fMRI study, only food/non-food pairs were included which were judged as recognisable and correctly identified as food or non-food in at least 90% of the ratings. Additionally, these selected food and non-food pictures did not differ significantly (t tests; P > 0.05) in valence (very unhappy/very happy while watching the picture), arousal (very calm/very excited while watching the picture), complexity (very simple/very complex) and familiarity (never/very often seen that object; all ratings on a 9-point rating scale) in the pilot experiment. The questions concerning valence, arousal and familiarity were similar to those used by Libkuman et al. [2007] , and arousal was described by translated terms used in the Semantic Differential Scale [Mehrabian and Russell, 1974 ; see also Bradley and Lang, 1994] .
All stimuli, ranging from 8.68-19.78 visual angle in width to 2.48-14.48 visual angle in height, were isolated from their original background and shown on a grey background. They were presented with Matlab (R2011b) using Psychophysics Toolbox-3 [Brainard, 1997; Kleiner et al., 2007] . The participants viewed the pictures via an angled mirror that reflected the projection of the images from a rear-projection screen located at the base of the scanner bed.
Experimental procedure
Prior to the fMRI session, participants reported the time since their last meal (in hours) and rated their current feeling of hunger (1 5 very hungry, 9 5 very satiated) and prospective consumption (1 5 nothing, 9 5 a very large amount; see Cornier et al., 2007 , for a similar approach).
The event-related fMRI experiment consisted of 3 runs. Within each run, all 36 food and 36 non-food stimuli were presented in pseudo-randomized order (duration 2 s) with the restriction that at maximum four pictures of the same category (food or non-food) were presented successively. Moreover, 18 null-events were included per run to allow for unbiased estimation of food/non-food fMRI responses. The interstimulus interval was equally distributed between 1.5 and 2.5 s with a mean of 2 s (Fig. 1B) . Fixation was monitored online using a custom-made infrared device [Kanowski et al., 2007] .
Participants were instructed to respond via button press with their right index finger on a response pad if the picture contained the colour red or with their right middle finger if red was absent from the picture. As natural stimuli were used, correct red identification was defined by a decision of the majority of all participants (threshold: 85%) for each picture. In case there was no such majority, both possible answers were considered correct (this occurred only for a minority of the 36 pictures per stimulus category, i.e., for five food and four non-food pictures).
After scanning, the participants judged every picture outside the scanner as food or non-food and as recognisable or not and rated them for valence, arousal, familiarity and complexity on a 9-point rating scale as in the pilot study. Additionally, food pictures were rated on a 9-point scale for healthfulness, calorie density and content as well as palatability (though note that correlations of participants' ratings with fMRI data are beyond the scope of this publication). For the statistical analysis of behavioural data, non-parametric tests were used (Wilcoxon signedrank test and Mann-Whitney U test) because assumptions of parametric tests were violated in several cases.
fMRI data acquisition and analysis
Data were collected using a whole-body Siemens TRIO 3 T MR scanner with an 8-channel head coil (Siemens, Erlangen, Germany). An inversion recovery echo planar imaging (IR-EPI) volume was acquired and later used as anatomical overlay (TR 5 20,000 ms, TE 5 30 ms, TI 5 1,450 ms, 34 slices interleaved, voxel size 5 3 3 3 3 3 mm 3 ). Two hundred functional volumes per run were collected with a gradient echo based echo planar imaging sequence (GRE-EPI, TR 5 2,000 ms, TE 5 30 ms, flip angle 5 808, 34 slices interleaved, voxel size of 3 3 3 3 3 mm 3 , matrix size 5 80 3 80). Images were tilted by 158 of the anterior edge of the axial planes toward the top of the head to reduce artefacts and enhance blood oxygen level dependent (BOLD) sensitivity in OFC. Images covered most of the brain with the exception of the temporal pole and the uppermost part of the brain. The fMRI data were analysed with Matlab (2012a) and the Statistical Parametric Mapping (SPM) 8 software package (Wellcome Trust Centre for Neuroimaging, University College London, London, UK, http://www.fil.ion.ucl.ac.uk/spm/). The first three volumes of each run were discarded to account for saturation effects. Preprocessing of the data included slice timing acquisition correction, motion correction, normalization to Talairach space by using a brain template from Montreal Neurological Institute (MNI) and smoothing with a 6 mm full width at half maximum Gaussian smoothing kernel. For the analysis at the single-subject level, an event-related design matrix was applied using the canonical haemodynamic response function (SPM) with temporal and dispersion derivatives and modelling the two conditions food and non-food for all three runs. Additionally, voxel time courses were high-pass filtered with a cut-off value of 128 s and serial correlations were modelled using an autoregressive model AR(1). The first level contrasts food > non-food were passed on to a second level random effects analysis (one sample t test). All results reported are at P < 0.05 [family-wise error (FWE) corrected] at cluster level with an auxiliary voxel-threshold of P < 0. 
Results
Behavioural results
In the first experiment, participants judged whether the colour red was contained in the picture. On average, 3.3% (Mdn 5 2.1%, SD 5 4.0%) of the answers were incorrect or missing. No difference in error rates between food and non-food pictures was found, Z 5 20.24, P 5 0.811 (for further descriptive statistics of hunger and hunger-related parameters, see Table I ).
There was no difference in the judgement of recognisability of food pictures (M 5 99.6%, Mdn 5 100.0%, SD 5 1.0%) relative to non-food pictures (M 5 98.9%, Mdn 5 100.0%, SD 5 1.9%), Z 5 21.52, P 5 0.129. Moreover, the participants identified the food pictures as showing food on average with 99.0% accuracy (Mdn 5 100.0%, SD 5 1.6%) and the non-food pictures as showing non-food items with 98.6% accuracy (Mdn 5 100.0%, SD 5 2.6%). Again there was no r Pohl et al. r r 2900 r significant difference between food and non-food pictures, Z 5 20.91, P 5 0.366.
Compared to non-food pictures, participants rated the food pictures as significantly higher concerning valence (Z 5 23.83, P < 0.001), arousal (Z 5 23.70, P < 0.001), and familiarity (Z 5 23.82, P < 0.001). The rating of complexity showed no difference between food and non-food pictures (Z 5 21.38, P 5 0.166). For a detailed description of the results including specific ratings of the food items (healthiness, calorie density/content and palatability), see Table II .
fMRI results
Judging the colour of food relative to non-food pictures led to enhanced fMRI signals in occipital areas extending into fusiform gyrus, the left OFC, the left insula and the left inferior parietal lobule. Additionally, we observed enhanced fMRI signals in lateral and medial frontal regions (Table III and Fig. 2 ).
As expected, the fMRI results for the colour judgement task were similar to the results reported in the meta-analysis by van der Laan et al. [2011] . In particular, we observed enhanced fMRI signals in the OFC and the middle insula -and to some extent the fusiform gyrus. In addition to the regions consistently activated in van der Laan's meta-analysis, we also observed activation in frontal regions and in the inferior parietal lobule.
In the first experiment, we tested if judging simple visual features (colour) regardless of food/non-food stimulus categories (implicit task) would activate the food-picture-related network described previously, and we confirmed this hypothesis. In Experiment 2, reported below, we examined if an explicit task -judgements of the edibility of the identical pictures used in experiment 1 -would activate a similar network. Finally, the differences in brain activity between the two tasks/experiments were statistically compared to properly identify potential influences of the task at hand on visual food processing.
EXPERIMENT 2
Materials and Methods
Participants
Twenty-four participants took part in the second study. The data of 4 participants had to be excluded. One participant reported that he/she did not eat food belonging to a main See main text for inferential statistics. Valence (very unhappy/very happy while watching the picture), arousal (very calm/very excited while watching the picture), familiarity (never/very often seen that object), complexity (very simple/very complex), healthiness (very unhealthy/very healthy), calorie density and content (very few/a lot of), palatability (very unappetising/very appetising); all ratings on a 9-point rating scale. M 5 mean; SD 5 standard deviation; Mdn 5 median. Hunger/prospective food intake (estimation of how much they could eat at that moment) as reported by the participants (1 5 very hungry, 9 5 very satiated/1 5 nothing, 9 5 a very large amount). Last food intake and last main meal is reported in hours. None of the parameters differed significantly between participants of Experiments 1 and 2 (see main text for details). M 5 mean; SD 5 standard deviation; Mdn 5 median; Min 5 minimum; Max 5 maximum.
r Task Demands Shape Brain Responses to Food r r 2901 r food category; two participants had to be excluded because of image acquisition errors; and another was excluded due to excessive head movement (exceeding 3 mm within one run). Note that all inclusion/exclusion criteria for participation were identical to the first experiment. The data of 20 participants (9 male, 11 female; mean age 26.4 years, Mdn 5 25.0 years, SD 5 6.3 years; all right-handed) were analysed. All participants had normal or corrected to normal vision and a normal BMI (M 5 21.7 kg/m 2 , Mdn 5 21.9 kg/m 2 , ranging from 19.5 to 24.7 kg/m 2 ). All participants gave their written informed consent in accordance with the local ethics committee and were compensated for their participation.
Stimuli, experimental procedure, fMRI data acquisition and analysis
The stimuli were identical to those from the first experiment. The experimental procedure was identical to Experiment 1 with the exception of the task employed: In the second experiment, participants judged the edibility of items and pressed the left button of a response pad with their right index finger if a food picture was presented and the right button with their right middle finger if a non-food picture was presented. Incorrect identification as food/non-food and missing answers were counted as errors. The data acquisition and analysis were identical to Experiment 1. However, the results reported are at P < 0.05 (FWE-corrected) at cluster level with an auxiliary voxel-threshold of P < 0.01 uncorrected , due to the higher variability in strategies across participants as expected for this more abstract task [Jimura et al., 2010] . Recently, it was shown that parametric cluster-wise inference statistics may lead to false-positive results [Eklund et al., 2016] especially at lower auxiliary voxel thresholds. Therefore, we decided to further confirm our results with the help of a nonparametric approach [Statistical NonParametric mapping -A toolbox for SPM, SnPM 13; http://warwick.ac.uk/snpm; Nichols and Holmes, 2002] as suggested by Eklund et al. [2016] and thresholded the complementary nonparametric statistical test at the voxel level with P < 0.05, FWE-corrected (without smoothed variance t).
Comparison experiment 1 and 2
After the independent statistical tests for Experiments 1 and 2, we aimed at a statistical comparison of the results of the two experiments following the logic of meta-analyses, but with a better control over stimulus features, scanning parameters and group selection than conventional metaanalyses. This additional procedure might reveal potential differences and similarities across experiments, not evident in the single experiments due to the statistical thresholding. In particular, a region, say the visual cortex, might be significantly modulated only in one but not in the other experiment, while the pattern of mean beta values might in fact be similar in both experiments with results just above versus below threshold. A statistical comparison should be sensitive to this issue and reduce the danger of erroneous classifications of areas as task-dependent. For the direct statistical comparison of the results from the two experiments, a flexible factorial design was used [Gl€ ascher and Gitelman, 2008] . It included the factors 'subject', 'condition' (food and nonfood pictures) and 'experiment'. For this analysis, contrasts of interest were created for each experimental condition per participant. The group-level design matrix included main effects and the interaction. In a second group-level statistical model, we also included the condition-specific accuracies per subject as a covariate to account for potential effects of Results are thresholded P < 0.05 FWE-corrected at cluster level with an auxiliary voxel threshold P < 0.001 uncorrected. MNI coordinates (x, y, z) in mm. R, right hemisphere; L, left hemisphere.
different accuracies across participants and conditions. We focused on the interaction of condition and experiment, and thus computed the t-contrasts c1 [Experiment 1 (food 2 non-food) 2 Experiment 2 (food 2 non-food)] and c2 [Experiment 2 (food 2 non-food) 2 Experiment 1 (food 2 non-food)]. Moreover, to identify those areas in experiment 1 and 2 which statistically differed, we restricted the analyses to the active areas from Experiments 1 and 2 by using inclusive masking with the activated areas from Experiment 1 for the contrast c1 and from Experiment 2 for the contrast c2. This procedure ensured that the areas observed in Experiments 1 and 2 are now directly compared for differential effects of food versus non-food processing. All results reported are thresholded at P < 0.05 within the predefined areas (uncorrected because of the restriction/a priori-hypothesis to focus on regions-of-interest; cluster threshold was set to k > 5 for completeness, though note that the smallest observed cluster size above 5 contiguous voxels was >20). Furthermore, beta estimates were extracted from the local maxima of the regions of interest (rfxplot [Gl€ ascher, 2009] ) and post-hoc t tests were applied to confirm that the differences between experiments were indeed caused by the differential processing of food items (and not non-food items) in accord with our hypothesis. Following this hypothesis, we chose one-sided t tests when comparing food items of Experiment 1 minus 2 within regions expressing higher activity in Experiment 1 for the food versus non-food comparison and of Experiment 2 minus 1 within regions
Figure 2.
Group-level fMRI results of Experiment 1 (colour judgement task) comparing food > non-food images. All signals are at threshold P < 0.05, FWE-corrected at cluster level with an auxiliary voxel threshold of P < 0.001 uncorrected and are superimposed on an averaged anatomical group image. The brains are displayed at neurological convention with MNI coordinates in mm below each slice. The colour bar depicts the t value. R, right; L, left. Comparison with meta-results from reverse inference mapping
In addition to comparing our findings to the results of traditional meta-analyses, we chose reverse inference mapping and used NeuroSynth [www.neurosynth.org; Yarkoni et al., 2011 ] -a database that includes term-to-activation mappings and allows automated meta-analyses for specific terms -as a complementary approach. The reverse inference map (RIM) for the term 'food' revealed the likelihood that the term food is used in a study given activation in a specific brain region. The map is based on 128 studies and 3861 activations and corrected for multiple comparisons using the false discovery rate (FDR) method with an FDR criterion of 0.01 (search performed on 23.05.2016; for further details about the methods of NeuroSynth see Yarkoni et al., 2011) . Only clusters >10 voxel were considered.
Results
Behavioural results
In the second experiment, participants judged whether a food or non-food item was shown. On average, 1.3% (Mdn 5 0.9%, SD 5 1.5%) of the answers were incorrect or missing. There was no significant difference in error rates between food and non-food pictures, Z 5 20.64, P 5 0.524 (for further descriptive statistics of hunger and hungerrelated parameters, see Table I ).
The judgement of recognisability of food (M 5 99.7%, Mdn 5 100.0%, SD 5 0.9%) and non-food pictures (M 5 98.2%, Mdn 5 100.0%, SD 5 3.0%) showed a significant difference, Z 5 22.00, P 5 0.046. However, as the overall recognition rate is very high, the difference of 1.5% might be less relevant. The participants correctly labelled food as food and non-food as non-food pictures in most of the cases (food: M 5 99.3%, Mdn 5 100.0%, SD 5 1.5%; non-food: M 5 99.6%, Mdn 5 100.0%, SD 5 1.0%) without a significant difference between food and non-food, Z 5 20.63, P 5 0.527.
Participants rated food pictures significantly higher concerning valence (Z 5 23.70, P < 0.001), arousal (Z 5 23.92, P < 0.001), familiarity (Z 5 23.31, P 5 0.001) and complexity (Z 5 22.78, P 5 0.005). For a detailed description of the results including specific ratings of the food items (healthiness, calorie density/content and palatability), see Table II .
fMRI results
Judging the edibility of food relative to non-food pictures led to enhanced activity in the frontal cortex, including the pregenual anterior cingulate cortex (pgACC) extending into the subcallosal anterior cingulate cortex, the rostromedial prefrontal cortex, the ventromedial prefrontal cortex, the left superior and middle frontal gyrus and parts of the supplementary motor area (Table IV and Fig. 3) . Concordantly, the nonparametric statistical approach yielded an enhanced activation in the pregenual anterior cingulate cortex.
Comparison of results of Experiments 1 and 2
To rule out that any observed differences between the two experiments can be attributed to factors different from the crucial food versus non-food comparison, we first compared all demographic, physiological and behavioural variables of the two experiments. The participants of the two experiments did not differ significantly in sex, age, BMI, time since last (main) meal, feeling of hunger or prospective intake [sex: Error rates in Experiments 1 and 2 differed slightly yet significantly, U(n 1 5 20, n 2 5 20) 5 111.5, P 5 0.015, though do note that the number of mistakes was generally very low in both experiments (M 5 3.3% vs. M 5 1.3%) and that the errors in the colour task might be the result of subjectspecific colour category boundaries rather than a lack of attention. Most importantly, error rates across experiments did not interact with the stimulus category food versus non-food, U(n 1 5 20, n 2 5 20) 5 193.0, P 5 0.862, hence any differences in fMRI signals for food versus non-food images across the experiments should not be affected by these behavioural effects.
Moreover, subjective ratings were also analysed by comparing the differences in rating for food minus non-food stimuli for Experiments 1 and 2. No significant effects for recognition rate or categorisation of the pictures as food and non-food were found; neither did the ratings of valence, arousal or familiarity differ significantly (all Ps > 0.1). There was a significant interaction for complexity, with a larger difference between food and non-food stimuli in experiment 2 U(n 1 5 20, n 2 5 20) 5 122.5, P 5 0.035, indicating that the edibility judgement task might have modulated some aspects of subjective perception of food items in Experiment 2. None of the food-related ratings (healthiness, calorie content, calorie density and palatability) differed significantly (all Ps > 0.1).
The crucial statistical comparison of the fMRI results of two experiments revealed that several regions identified in the first experiment for the food versus non-food stimuli showed lower differences for the food versus non-food contrast in the second experiment. This includes occipital areas, the left insula, the left inferior parietal lobule and medial and lateral frontal regions (see Table V and Fig. 4) . Moreover, regions in the superior and middle frontal gyrus, the pregenual/subcallosal anterior cingulate cortex, the rostromedial prefrontal cortex and the ventromedial prefrontal cortex all exhibited a significantly higher BOLD signal in the second compared to the first experiment for food 2 non-food (Table VI and Fig. 4) . Besides the middle frontal gyrus extending into precentral gyrus, most notably, activity in the OFC did not differ significantly across experiments (Fig. 4B) . The inclusion of subject-specific accuracy in the fMRI model did not change the pattern of results. Post-hoc t tests of the beta estimates derived from the local maxima of the interaction revealed that the significant interaction was predominantly mediated by differential responses to food stimuli in the pgACC [Food Experiment 2 > Food Experiment 1: t(38) 5 2.49, P 5 0.009 (one-sided); non-food: t(38) 5 0.45, P 5 0.657 (two-sided)], and insula [Food Experiment 1 > Food Experiment 2: t(38) 5 1.57, P 5 0.063 (one-sided); non-food: t(38) 5 0.47, P 5 0.639 (two-sided)] but not in occipital regions [Food Experiment 1 > Food Experiment 2: t(38) 5 0.45, P 5 0.329 (one-sided); non-food: t(38) 5 0.29, P 5 0.776 (two-sided)].
Comparison with meta-results from reverse inference mapping
For the first experiment (colour judgement), there was a partial overlap of activations of the left insula and the left OFC with regions of the RIM. Moreover, a significant area in the RIM was very close to the observed activation within the left pgACC during edibility judgements. Results are thresholded P < 0.05 FWE-corrected at cluster level with an auxiliary voxel threshold P < 0.01 uncorrected. MNI coordinates (x, y, z) in mm. R, right hemisphere; L, left hemisphere. a nomenclature according to Ullsperger et al. [2014] . Group-level fMRI results of Experiment 2 (edibility judgement task) comparing food > non-food images. All signals are at threshold at P < 0.05, FWE corrected at cluster level with an auxiliary voxel threshold of P < 0.01 uncorrected and are superimposed on an averaged anatomical group image. The brains are displayed at neurological convention with MNI coordinates in mm below each slice. The colour bar depicts the t value. R, right; L, left.
DISCUSSION
In this fMRI study, we examined the influence of task demands on brain responses to food pictures relative to non-food pictures and observed differential fMRI response patterns in several cortical areas as a function of task. During colour judgements, food images (relative to non-food images) led to increased fMRI signals in occipital areas including parts of fusiform gyrus, plus left insula, left inferior parietal lobule, left OFC and other frontal regions.
These enhanced fMRI responses in the left OFC, left middle insula and visual areas are in line with previous meta-analyses by van der Laan et al. [2011] and van Meer et al. [2015] , analysing 17 and 15 studies, respectively. In addition to the left insula and bilateral fusiform gyrus [van der Laan et al., 2011 ], van Meer et al. [2015 also reported consistent activation in left lingual, right inferior temporal gyrus and the left amygdala (> 33% of experiments contributing). While we also observed enhanced fMRI signals in the left lingual gyrus, the amygdala was not completely covered during image acquisition in our experiments (note that image acquisition was optimized for data collection from the OFC by tilting the slices 158 [Deichmann et al., 2003] . Together, the pattern results in visual areas, insula and OFC appear to be consistent with results from previous meta-analyses [see also Huerta et al., 2014 and Tang et al., 2012 , for further corroborating evidence from meta-analyses focusing specifically on food picture processing of high-calorie stimuli or in nonsatiated participants, respectively].
In the second experiment, judgements of the edibility of food relative to non-food pictures led to enhanced BOLDsignals in left superior and middle frontal gyrus and medial frontal regions, including pgACC extending into subcallosal anterior cingulate cortex, rostromedial prefrontal cortex and ventromedial prefrontal cortex. These regions did not overlap with areas showing consistent activation across experiments (> 33% of experiments contributing) as reported by van der Laan et al. [2011] and van Meer et al. [2015] or results reported by Huerta et al. [2014] and Tang et al. [2012] .
The meta-analyses above reported the probability of voxels being consistently activated when viewing food pictures across several studies. However, novel methods automatically compute posterior probabilities of brain activations with regard to psychological processes. They are less biased by subjective study selection, use larger data bases than standard meta-analyses and might thus further reduce the problem of reverse inferencing [Poldrack, 2006] . Therefore, we chose reverse inference mapping as an additional approach and used NeuroSynth [www.neurosynth.org; Yarkoni et al., 2011] . Studies that use the term food are more likely to report activities in the areas in the RIM than studies not including that term. For colour judgement, activations of the left insula and the left OFC partly correspond to regions of the RIM. Importantly, the activation of the left pgACC for the second experiment was adjacent to significant areas of the RIM. However, no RIM-related probabilities were observed in occipital areas but may be expected given that NeuroSynth's food RIM includes several studies with gustatory and olfactory stimulation only, thereby reducing posterior probabilities there.
Taken together, the insula and the OFC as revealed by the colour judgement task have been implicated in visual food cue processing by several meta-analyses on this issue. In accord, reverse inference mapping by NeuroSynth suggests that they are instrumental in food-related processing. The latter also applies to a region near the pgACC that was found in response to the edibility judgement task. The activation of visual areas in the first experiment is in line with previous meta-analyses but not the NeuroSynth analysis, possibly due to the less rigorous selection criteria of the NeuroSynth analysis. Nevertheless, all these four Results are thresholded P < 0.05 uncorrected, cluster size > 5, within areas activated in Experiment 1 (mask threshold P < 0.05 FWEcorrected at cluster level, see Table III ). MNI coordinates (x, y, z) in mm. R, right hemisphere; L, left hemisphere.
Figure 4.
Group-level fMRI interaction results of task (colour judgement 2 Experiment 1/edibility judgement 2 Experiment 2) with stimulus category (food/non-food images). (A) Red/orange areas depict significantly higher responses for food-non-food images during colour judgements relative to edibility judgements [Experiment 1 (food 2 non-food) 2 Experiment 2 (food 2 non-food)]. Blue/green areas depict significantly higher responses for food 2 non-food images during edibility judgements relative to colour judgements [Experiment 2 (food 2 non-food) 2 Experiment 1 (food 2 non-food)]. All signals are at threshold P < 0.05 uncorrected, k > 5 and masked by the main effects of Experiments 1 and 2 (Figs. 2 and 3) thresholded at P < 0.05 FWEcorrected at the cluster level. Results are superimposed on an averaged anatomical image of both groups. The brains are displayed at neurological convention with MNI coordinates in mm below each slice. The colour bars depict the t value. (B) Upper row (left and right) and lower row (left): Bar graphs indicate values of beta estimates (proportional to percent signal change, error bars show 6 standard error of the mean) at the local maxima of the interaction in the cluster covering the occipital cortex, the pregenual anterior cingulate cortex (pgACC) and the insula, respectively. Note the different scaling of the y-axis for the occipital cortex. Lower row (right): Bar graphs indicate values of beta estimates (proportional to percent signal change, error bars show 6 standard error of the mean) at the coordinates of local maxima for food 2 non-food in the orbitofrontal cortex (OFC) in Experiment 1. Note that the OFC shows a main effect for stimulus categories in the absence of any interactions. F, food; NF, non-food.
regions have consistently been implicated in food-related processes and we will discuss their specific contribution to food-related processing below. In this study, the visual cortex provided the sensory input to all further cognitive processes. Although it is of course not exclusively related to food processing (as reflected in low RIM-related probabilities), differential activation patterns in visual areas have previously been reported in response to food stimuli. Some authors have argued that this might reflect intrinsic properties (e.g., salience, arousal) of food items, thereby automatically enhancing stimulus processing in visual cortex [e.g., Killgore and Yurgelun-Todd, 2007; Santel et al., 2006] .
The insula is a heterogeneous anatomical area containing distinct subregions which play a role in auditory processing, emotion and cognition [e.g., Bamiou et al., 2003; Gasquoine, 2014] . Some of the subregions of the insula have been implicated in interoception and multimodal aspects of food perception [Frank et al., 2013] , the desire for [Pelchat et al., 2004] and the reward value of food [Small et al., 2001] . Importantly, the primary gustatory cortex appears to be located in the anterior/middle insula [Iannilli et al., 2014] in close vicinity to the activity pattern in Experiment 1.
The OFC is considered to contain the secondary taste cortex and integrates visual, gustatory and olfactory signals [Rolls, 2015] . Neural responses of OFC neurons have also been linked to the pleasantness of food cues [Kringelbach et al., 2003; Simmons et al., 2014] , and it has been proposed that the OFC integrates sensory-specific activation with reward-related processes [Rolls, 2015] .
Activity of the pgACC has been related to subjective pleasantness, yet it might be less driven by a particular sensory modality but may rather contain stimulusindependent, abstract representations. In a meta-analysis including a variety of different stimuli, K€ uhn and Gallinat [2012] showed that subjective pleasantness correlates with neural responses in the pgACC. This was also found for tastes and odours [de Araujo et al., 2005] . Additionally, the pgACC was activated in response to oral fat and sucrose taste [de Araujo and Rolls, 2004] .
Together, the activations in insula, OFC and pgACC, in response to visual food cues, are concordant with previous studies on visual food cues, while the pgACC appears to be less closely related to visual food picture processing per se (see results of the voxel-based meta-analyses on visual food cue processing) but rather to input-modalityindependent food-related processing in general (see results from NeuroSynth).
Turning to the two task regimes employed here, the colour judgement task involved implicit processing as no identification of the object as food/non-food was needed. Other implicit tasks which have often been used when investigating food-related processing include n-back working memory tasks. For instance, in an fMRI study by Simmons et al. [2005] , participants were asked to decide whether a presented picture was the same as the preceding picture. Differential responses to food versus non-food pictures were observed in the right insula, visual areas and the left OFC extending into anterior cingulate cortex partly matching our results. The remaining differences could be due to the fact that for the one-back task additional memory-related processing is essential.
Edibility judgement tasks are commonly used in animal research [e.g., Chiel and Susswein, 1993] and require an explicit categorisation of the relevant feature. In humans, previous studies on food processing often used pleasantness ratings instead which could potentially require subjects to explicitly identify the relevant object categories. These studies reported higher brain activation for food versus non-food pictures in the insula [Uher et al., 2006] and visual areas [Santel et al., 2006; Uher et al., 2006] . As these results appear to be more similar to our first experiment these findings could suggest that task requirements different from explicit processing may have had a more Results are thresholded P < 0.05 uncorrected, cluster size > 5, within areas activated in Experiment 2 (mask threshold P < 0.05 FWE-corrected at cluster level, see Table IV ). MNI coordinates (x, y, z) in mm. R, right hemisphere; L, left hemisphere. a Nomenclature according to Ullsperger et al. [2014] .
pronounced influence on pleasantness ratings. There, emotional processing is required, which may explain the different pattern of activity compared to our study. Here, we imposed an ecologically relevant task regime (at least in Experiment 2) by asking participants to judge immediately whether objects were edible or not. The direct comparison of the results of Experiments 1 and 2 revealed differential fMRI signals in response to the two tasks (colour judgement versus edibility judgement) for food versus non-food pictures. Of the four regions being reliably related to food processing (see above), the insula and visual areas showed task-dependent greater activation for the colour judgement and the pgACC taskdependent greater activation for the edibility judgement task (both food 2 non-food). No significant difference between the two tasks was found in the OFC, which could be considered task-independent.
However, Siep et al. [2009] reported that the OFC was only activated when food pictures were inside the focus of spatial attention but not when food pictures were outside the attentional focus. In our experiments, feature-based attention was manipulated while the focus of spatial attention was always directed on the food and non-food pictures; thus -based on our findings -a variation in OFC-responses due to shifts in spatial attention cannot be ruled out. Most importantly however, focusing on different aspects of the visual food cue did not affect OFC-responses. It should also be noted that a comparison of the two experiments analysed only in isolation would have led to the wrong conclusion that the OFC is affected by task demands. Only the direct statistical comparison revealed that the OFC is similarly activated by both tasks.
Turning to activity in pgACC, an fMRI study on taste processing by Grabenhorst and Rolls [2008] indicates that the pgACC expressed enhanced fMRI signals when the task was to judge and remember the pleasantness of a taste stimulus compared to when to judge and remember the intensity of the stimulus. Concordantly, neural responses in the pgACC were enhanced when participants had to remember and rate the pleasantness of an odour in comparison to remember and rate the intensity of the stimulus . In these studies, the attention focus towards affective value (pleasantness) versus a sensory feature (intensity) of taste/odour modulated the activation of an area around the pgACC. In this study, the edibility judgement may have guided the focus to more abstract stimulus features distinguishing food and nonfood stimuli -such as pleasantness. In agreement with this notion, participants felt significantly happier when viewing food stimuli compared to non-food stimuli as ratings outside of the scanner indicate, though do note that this was found for both experiments and can thus not explain the differences between tasks. Possibly, the edibility judgement may have directed attention to these affective features of food and thus led to activation of the pgACC.
In clear contradistinction to the activity pattern in the pgACC, the activation of the middle insula was significantly higher when judging colour. In accordance with our findings, Grabenhorst and Rolls [2008] reported enhanced BOLDresponses in middle insula when judging and remembering the intensity versus judging and remembering the pleasantness of a taste stimulus. Concordantly, there is converging evidence from human brain lesions [e.g., Pritchard et al., 1999] , and imaging studies manipulating stimulus intensity [e.g., Spetter et al., 2010] that parts of the insula code physical stimulus features. However, Cerf-Ducastel et al. [2012] reported greater fMRI signals in the insula during magnitude estimation of pleasantness than intensity. Small et al. [2003] found that the middle insula responded to taste intensity among others and the anterior insula to valence and other studies have reported effects of expectancy in the insula [e.g., Woods et al., 2011] . Additionally, the insula seems to play a role in desire for [e.g., Pelchat et al., 2004] and reward value of food [e.g., Small et al., 2001 ]. Thus, it may be that the insula already contains higher order gustatory areas responsive to cognitive [e.g., Woods et al., 2011] and emotional [e.g., Small et al., 2003 ] processes in addition to the intensity-specific primary gustatory cortex [Rolls, 2011] . Nevertheless, the activation of the insula in our study in the colour judgement task could be interpreted as enhanced visual input into gustatoryspecific insula when focusing on sensory properties of foodrelated stimuli.
This task-dependent differential pattern of activity for the colour judgement (visual and gustatory cortex) and edibility task (pgACC) may have originated from the different type of feature to be attended in the two tasks. While attention to colour may have drawn attention to low-level features of the stimuli which are obvious and can easily be read out by simply looking at each stimulus, edibility appears to be a more high-level stimulus feature. It requires a matching with a higher level concept and may therefore trigger input-modality-independent higher level representations in the pgACC.
Summing up, we suggest that -during the colour judgement task -attention is directed to stimulus-related basic properties and thus responses in visual cortex are selectively enhanced. Moreover, visual food stimuli may act as conditioned stimuli co-activating well-learned taste-related properties in gustatory cortex. When focusing on more abstract stimulus properties such as edibility, representations in the pgACC related to (non-visual) food properties are in-turn switched on, while a fine-grained perceptual analysis is less needed. Most importantly, fMRI responses in the OFC did not vary significantly as a function of task (unlike in the insula); hence, it appears that the OFC might be the central task-independent hub instrumental in foodrelated processing.
There are of course several alternative explanations of our results that need to be considered. The MRI scanner and stimulus material were identical in both experiments, thus they cannot account for the effects. While different participants took part in the experiments, none of the acquired factors (sex, age, hunger, BMI) differed significantly between r Task Demands Shape Brain Responses to Food r r 2909 r both groups, hence differences observed in this study cannot be attributed to these factors [for effects of sex on food image processing, e.g., Cornier et al., 2010; Frank et al., 2010; Geliebter et al., 2013; Killgore and Yurgelun-Todd, 2010 ; for age, e.g., Killgore and Yurgelun-Todd, 2005b; van Meer et al., 2015;  for hunger/satiety status, e.g., Cornier et al., 2007; F€ uhrer et al., 2008; LaBar et al., 2001 ; and for BMI, e.g., Brooks et al., 2013; Dimitropoulos et al., 2012; Killgore and Yurgelun-Todd, 2005a; Martin et al., 2010] . However, we cannot completely rule out that other subject-specific effects between groups might have influenced the results of Experiments 1 and 2 and future studies could use a within-subject design to eliminate the possibility of subject-specific differences across groups. The reason why we chose a two-group design was to rule out any spill-over effects between explicit and implicit food-related processing. In principle, this could have been achieved by using a counterbalanced design with half of the subjects starting with an explicit task and the other half starting with an implicit task. However, this procedure would have unduly lengthened our scanning time and may also have introduced habituation to food stimuli.
Another possible explanation for the pattern of results could be a difference in task difficulty between experiments. At a first glance, this appears to be supported by a slightly higher error rate in the colour judgement task, possibly reflecting higher overall ambiguity there (e.g., violet can look like dark red and orange can look like bright red). However, errors in redness judgements could also be caused by subject-specific colour categories, for example, a bluish red for one participant might be a reddish blue for another one. Hence, the 'errors' in colour judgement might simply reflect individual differences in colour category boundaries. Most importantly, there was no significant difference in the error rates of food versus non-food pictures in both experiments, and there was no interaction between stimulus category and task. Thus, any global differences in task difficulty between experiments should have been subtracted out by the within-experiment food versus non-food comparison and should not account for the interaction effects observed here. Concordantly, an inclusion of subject-specific accuracy in the fMRI model did not change the pattern of fMRI interaction results, making an explanation based on differential task difficulty less likely.
Moreover, differences in error rates could also be due to different perceptual strategies used by the participants for the two tasks. Colour judgements may require a fine-grained 'local' inspection of the stimuli, whereas edibility judgements might be simpler and could be based on processes on a more 'global' scale. However, previous research suggests that attention to global versus local stimulus properties results in a right-versus left-hemispheric pattern of activation [Fink et al., 1996] , which we did not observe here.
Finally, other stimulus-related properties than their foodness (e.g., arousal, valence and familiarity) could have contributed to the effects. Although the food/non-food pairs were carefully selected in a pilot study and did not differ significantly there, in the fMRI studies, we found significant effects for several subjective ratings of food versus non-food pictures. One possible explanation for this increase in differential effects during the fMRI experiments relative to the pilot study may be that judgements in the pilot study were made after the first presentation, whereas they were made after several exposures and when outside the scanner in the fMRI studies. This latter procedure may have accentuated differential habitual effects of food versus non-food stimuli. Moreover, several stimulus pairs from the pilot study were excluded in the fMRI experiments due to their huge differences in ratings, which could have altered the participants' response strategies there. Nevertheless, differential ratings for arousal, valence, familiarity and recognisability as a function of stimulus category were rather small and similar in both experiments, and thus they cannot account for the significant interaction in brain responses of stimulus category with task. Only the complexity ratings for food versus non-food pictures showed a differential effect for edibility and colour judgement task. Thus, one could speculate that some of the observed differential brain activations, for instance in visual cortex, could have been caused by stimulus complexity rather than food versus non-food. However, while there were robust differences in fMRI signals of the visual cortex during the colour judgement task, complexity ratings did not differ significantly. Moreover, the pattern of complexity ratings does not match the observed patterns of fMRI signals in visual cortex, insula or OFC nor does any other subjective rating, demographic factor or hunger state. Nevertheless, the differential visual complexity could in principle account for the pattern of fMRI signals in the pgACC, irrespective of the task. However, this seems to be unlikely because there is no known involvement of the pgACC in the processing of visual complexity. Hence, it appears that the most likely explanation is that the differential effects in brain responses were indeed caused by the interaction of stimulus category with featureselective attention.
CONCLUSION
In conclusion, the results of this study strongly suggest that task demands significantly alter the processing of visual food images. Sensory-specific areas are selectively modulated when attending to low-level features, whereas higher order areas are selectively modulated when attending to high-level features. This pattern of results offers a likely explanation for the differences between previous studies on visual food cue processing. Finally, our results also point at the possibility that the OFC might be the crucial hub instrumental in food-related processing independent of the feature-selective attention.
